Contactless powering of small electronic components has lately received growing attention for wireless applications in which battery replacement or tethered charging is undesired or simply impossible, and ambient energy harvesting is not a viable solution. As an alternative to wellstudied methods of contactless energy transfer, such as the inductive coupling method, the use of ultrasonic waves transmitted and received by piezoelectric devices enables larger power transmission distances, which is critical especially for deep-implanted electronic devices. Moreover, energy transfer by means of acoustic waves is well suited in situations where no electromagnetic fields are allowed. The limited literature of ultrasonic acoustic energy transfer is mainly centered on proofof-concept experiments demonstrating the feasibility of this method, lacking experimentally validated modeling efforts for the resulting multiphysics problem that couples the source and receiver dynamics with domain acoustics. In this work, we present fully coupled analytical, numerical, and experimental multiphysics investigations for ultrasonic acoustic energy transfer from a spherical wave source to a piezoelectric receiver bar that operates in the 33-mode of piezoelectricity. The fluid-loaded piezoelectric receiver under free-free mechanical boundary conditions is shunted to an electrical load for quantifying the electrical power output for a given acoustic source strength of the transmitter. The analytical acoustic-piezoelectric structure interaction modeling framework is validated experimentally, and the effects of system parameters are reported along with optimal electrical loading and frequency conditions of the receiver. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
The transformation of ambient vibrations into low-power electricity for use in wireless electronic components has been heavily researched over the last decade under the broad field of energy harvesting. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] There are other scenarios in which an electronic component has little or no ambient vibrational energy available to harvest; yet the wireless charging of its battery is of great need and interest. Example applications range from medical implants to sensors located in hazardous or inaccessible environments. Research efforts presented to address this challenge in the field of Contactless Energy Transfer (CET) have received uniformly growing attention. [14] [15] [16] [17] [18] [19] [20] [21] [22] The most popular CET method, inductive coupling, [14] [15] [16] [17] has various drawbacks such as limited distance of efficient power transfer 20 (typically on the order of transmitter/receiver size), high conduction losses due to large reactive current needs, high switching losses in power electronics due to typical high frequencies, and the necessary involvement of electromagnetic fields (which may not be allowed in certain applications). Recently, Ultrasonic Acoustic Energy Transfer (UAET) has been suggested as an alternative CET method to overcome these issues. UAET has the potential to provide larger power transfer distances employing smaller transmitter/receiver dimensions, while using frequency ranges with minimal associated electronic or propagation losses. Additionally, UAET is well suited in applications where electromagnetic fields are not allowed. 18 A brief review of the limited and mostly experimental literature of UAET provides examples of proof-of-concept demonstrations. After the early work by Cochran et al. 23, 24 who suggested stimulation of osteogenesis by UAET, Kawanabe et al. 25 and Suzuki et al. 26 proposed methods for combined delivery of power and information to implanted medical devices. Recently, Ozeri and Shmilovitz 19 investigated an ultrasonic transcutaneous energy transfer method for powering implanted devices, numerically and experimentally. They 19 presented optimized designs of two ultrasonic piezoelectric disk transducers used as the transmitter external to the body and receiver implanted inside the body. More recently, Maleki et al. 27 presented a method to transmit ultrasonic wave power to an implantable micro-oxygen generator with less directionality and greater power transmission efficiencies. It is worth mentioning that UAET is better suited for media with specific impedance similar to that of the respective ultrasound transmitter and receiver (which are typically made from piezoelectric materials). For instance, the specific impedance ratio of PZT (lead zirconate titanate) to tissue is about 20, whereas that of PZT to air is about 7 Â 10 4 . 18 Alleviating the impedance mismatch issue between PZT and tissue or water (by means of matching layers 28, 29 ) is therefore an easier task than trying the same between PZT and air.
In a 2013 paper, Roes et al. 18 reviewed the existing literature of UAET, along with a detailed account of its a)
Author to whom correspondence should be addressed. Electronic mail: alper.erturk@me.gatech.edu advantages over inductive, microwave, capacitive, and optical energy transfer methods. It is inferred from their review that the limited literature of UAET lacks fully coupled modeling efforts for the resulting multiphysics problem. To this end, the present work aims to establish and experimentally validate an analytical modeling framework that relates the incident acoustic wave originating from a source of known strength to the electrical power output extracted by a freefree piezoelectric receiver, and to report the effects of various parameters along with the optimal electrical loading conditions. Various concepts can be considered for UAET as summarized in Fig. 1 , while the present work is focused on the special case of Fig. 1(a) with a single receiver (under electrical and fluid loading) excited by a spherical acoustic wave source.
II. THEORY: ACOUSTIC-PIEZOELECTRIC STRUCTURE COUPLING OF A SPHERICAL WAVE SOURCE AND A 33-MODE RECIEVER
A. Governing distributed-parameter equations Figure 2 displays a schematic and a finite-element simulation snapshot of a piezoelectric receiver fully submerged in fluid (e.g., water) and excited by incident acoustic waves originating from a spherical source of known strength Q. The receiver is a free-free piezoelectric cylinder operating in the 33-mode of piezoelectricity (3-direction is the axial direction, i.e., n-axis) with a fundamental resonance frequency above the human audible frequency range. The top and bottom faces of the receiver have perfectly conductive electrodes of negligible thickness. In order to quantify the electrical power output, an external electrical load with the admittance Y l is connected to the electrodes. (In the case of purely resistive electrical loading Y l ¼ 1=R l , where R l is the load resistance-note that complex conjugate loading for broadband performance is discussed elsewhere. 30 
)
For the fluid-loaded and electrically loaded free-free piezoelectric receiver bar excited by the acoustic wave, the coupled partial differential equation for longitudinal vibrations and the AC electrical circuit equation can be derived as
where uðn; tÞ is the displacement response of the bar at the axial position n and time t, vðtÞ is the voltage output across the electrical load, Y is the Young's modulus at constant electric field, A is the cross sectional area (therefore, YA is the axial rigidity of the receiver under short-circuit condition), m is the mass per unit length, c a is the stiffnessproportional damping coefficient, c b is the mass-proportional ); (c) enhanced power transfer by focusing of the source; and (d) enhanced power transfer by using a parabolic mirror at the receiver to focus plane waves (3D analog of our recent structure-borne energy harvesting concepts employing 2D elastoacoustic mirrors [11] [12] [13] ).
FIG. 2. Schematic representation (left) and 3D finite-element simulation snapshot (right) of contactless acoustic energy transfer from a spherical wave source to an axially poled cylindrical piezoelectric receiver bar shunted to an electrical load from its surface electrodes (which cover the top and bottom faces).
damping coefficient (c a and c b represent the generalized in-vacuo dissipation in the proportional damping form-the fluid damping is accounted for separately), h is the electromechanical coupling term in physical coordinates, and dðnÞ is the Dirac delta function. Furthermore, in Eq. (2), C p and Y l are the internal capacitance of the piezoelectric receiver and the admittance of the external load, respectively. The excitation forces due to the incident acoustic pressure are f t ðtÞ ¼ pðtÞA at n ¼ 0 and f b ðt À sÞ ¼ lpðt À sÞA at n ¼ L, given in terms of the acoustic pressure pðtÞ ¼ Pe jxt evaluated at the top surface (n ¼ 0) and the bottom surface (n ¼ L) of the receiver, where P is the complex pressure amplitude, x is the excitation frequency, j is the unit imaginary number, l is the ratio of the acoustic pressure on the bottom surface to that on the top surface, and s is the time delay of f b relative to f t . (Therefore, s depends on the wave propagation speed in fluid and the receiver length, L.) Moreover, the dissipative term R r in Eq. (1) is the resistive component of the fluid radiation impedance 31 (for a circular piston oscillating on one side with no baffle) defined as R r ¼ r R ðkaÞq 0 c 0 Að1 À J 1 ð2kaÞ=kaÞ, where J 1 is the first-order Bessel function of the first kind, k ¼ x=c 0 is the wave number, c 0 is the speed of sound in the surrounding fluid, q 0 is the mass density of the surrounding fluid, a is the radius of the piston, and r R ðkaÞ accounts for the modification relative to baffled piston (see Figure 10 .19 in Ref. 32 ). 42 The pressure field created by a pulsating spherical harmonic wave source in an infinite, homogeneous, and isotropic medium is 33, 34 pðtÞ ¼ q 0 c 0 ½ÀjkQ=4prð1 À jk aÞe jðxtþkðrÀ aÞÞ , where r is source-to-receiver distance, a is the source radius, and Q is the acoustic source strength of the spherical wave generator (transmitter). As depicted in Fig. 2 , the longitudinal strain axis and the electrical poling axis (perpendicular to the surface electrodes) are coincident, and therefore the receiver bar is employed in the 33-mode of piezoelectricity. The dielectric loss is neglected, although it can easily be included by using a complex permittivity accounting for the loss tangent of the piezoelectric material so that C p becomes C p ð1 À jd e Þ. While the present work is focused on AC electrical output of the receiver, it is possible to account for AC-DC conversion and rectification in the circuit dynamics 8, 35, 36 with a piecewise form of Eq. (2).
B. Fluid-loaded fundamental mode shape and natural frequency
The linear displacement at the free end of piezoelectric receiver bar (xðtÞ in Fig. 2 , where xðtÞ ¼ uð0; tÞ) due to harmonic excitation at or around the fundamental longitudinal (axial) vibration mode is obtained by modal analysis of the distributed-parameter electromechanical system with a focus on the first mode only (i.e., higher modes are excluded in the following). The longitudinal tip displacement of the piezoelectric receiver bar at time t is then
where /ð0Þ and gðtÞ are, respectively, the mass-normalized eigenfunction evaluated at n ¼ 0 (in Fig. 2 ) and the generalized modal coordinate for the longitudinal vibration mode of a free-free uniform bar. The mass normalized elastic-mode eigenfunction is obtained from the corresponding undamped and electromechanically uncoupled (short-circuit) free vibration problem (which satisfies the companion mass and stiffness forms of the orthogonality conditions) is obtained as
Here, the eigenvalue (a) of the fundamental mode is the first non-zero root of the transcendental equation ða 2 b 2 À 1Þ tan a À2ab ¼ 0, while the radiation mass-to-receiver mass ratio is b ¼ m r =mL (where m r ¼ X r =x is the radiation mass, i.e., added mass, due to reactive component of fluid radiation impedance, X r ¼ r X ðkaÞq 0 c 0 AðH 1 ð2kaÞ=kaÞ, where H 1 is the Struve function of the first kind, and r X ðkaÞ is the modification relative to baffled piston (e.g., Figure 10 .19 in Ref. 32) ). The fundamental short-circuit natural frequency is x n ¼ a ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1=s E 33 qL 2 p (obtained for the first non-zero eigenvalue a), where s E 33 is the longitudinal elastic compliance at constant electric field and q is the mass density of piezoelectric receiver bar.
C. Lumped-parameter form and response to harmonic excitation
The electromechanically coupled equations of forced vibration and current balance are expressed for the fundamental mode in lumped-parameter form (reduced from distributed-parameter solution) as Here, /ð0Þ and /ðLÞ are, respectively, the mass-normalized fundamental elastic mode eigenfunction evaluated at n ¼ 0 and n ¼ L (in Fig. 2 ) for the longitudinal vibration mode of a free-free uniform fully submerged bar (Eq. (4)), and an overdot represents differentiation with respect to time. Fluid absorption and scattering effects on the incident pressure are assumed to be negligible for the frequency range of interest and receiver dimensions (confirmed with the experiments). 
where u ¼ xs is the phase angle between the excitation forces at the top and bottom surfaces of the cylindrical receiver.
D. Electromechanical impedance of the fluid-loaded receiver
Deriving an expression for the impedance of the fluidloaded receiver is useful for identification of its parameters under electrical excitation. In Eq. (5), changing the input to vðtÞ ¼ Ve jxt and setting f t ðtÞ ¼ f b ðt À sÞ ¼ 0, while in Eq. (6), replacing the current output Y l vðtÞ by the actuation current input ÀiðtÞ ¼ ÀIe jxt , yields the following expression for the fluid-loaded receiver's electromechanical impedance Z ¼ V=I:
which includes the fundamental longitudinal vibration mode only.
III. EXPERIMENTAL RESULTS AND MODEL VALIDATION A. Experimental setup and fluid-loaded receiver impedance
Experiments are conducted for an axially poled monolithic cylindrical piezoelectric bar (modified PZT from PI Ceramic GmbH) of length L ¼ 20 mm and radius a ¼ 3 mm, which is employed as the receiver (Fig. 3) . The receiver has silver electrodes covering its top and bottom faces. For the experimental configuration, orientation, and receiver dimensions in Fig. 3 , the hydrophone (B&K 8103) employed in reverse operation as a source is a reasonable representation of a spherical source for model validation. The incident pressure field (pðtÞ at the leading surface of the receiver) can be obtained from an experiment (in a water tank) through pressure-tosource strength correlation in frequency domain for an open-loop burst signal from a projector to a hydrophone. Hence, by means of a second hydrophone used for calibration, the acoustic strength of the source is extracted using Q ¼ pðrÞðÀ2jkrÞ=q 0 c 0 , where pðrÞ is the pressure at distance r from the projector and k is the acoustic wavelength in fluid.
The receiver is coated with a thin layer of electrically insulating, acoustically transparent material to avoid shorting under water. The analytical and experimental impedance FRFs for in-air and underwater actuation are shown in 79 kHz, respectively. Added mass and damping effects due to water loading are clearly observed in Fig. 4 , and the model successfully represents the underwater dynamics of the receiver near resonance. It should be noted that the resistive and reactive components of the radiation impedance determine the fluid-induced damping and fluid-loaded resonance frequency, and they depend on the dimensions (e.g., diameter) of the receiver (as a design parameter). The model was evaluated using receiver parameters of s In Figs. 6(a) and 6(b), the longitudinal tip displacement (at n ¼ 0 in Fig. 2 ) and open-circuit voltage output FRFs are extracted and plotted using the finite-element and the analytical models. Very good agreement is observed between 3D finite-element simulations and the proposed analytical multiphysics model. Since the default version of the finite-element software is limited to open-circuit simulations, comparisons of frequency-domain analytical and time-domain numerical simulations will be limited to open-circuit electrical boundary conditions. However, the analytical model can easily accommodate the addition of a finite electrical load impedance, as discussed next prior to the experimental validations.
Using the analytical model, further simulations are conducted for a broad range of resistive electrical load R l (such that Y l ¼ 1=R l in Eq. (2)) and excitation frequency values to extract the optimality conditions of the receiver. The sourceto-receiver distance r ¼ 30.2 mm is based on the identified experimental value as a preliminary analysis for Sec. III C. Using Eq. (7) in the power expression P ¼ v 2 =R l , the power output FRF normalized with source strength squared (P=Q 2 ) is calculated, and plotted versus frequency in Fig. 7 (note that P / Q 2 , since v / Q). In agreement with typical piezoelectric energy harvesting problems, 35 two peaks of power output are observed at the fundamental short-and opencircuit resonance frequencies. The first peak gives the local maximum power at 75 kHz as 0.0294 mW/(cm 3 /s) 2 for the optimal electrical load of 150 kX, while the second and the global peak at 79 kHz is 0.0314 mW/(cm 3 /s) 2 for the optimal load of 1.5 MX. The peak power outputs at the short-and open-circuit resonance frequencies are not identical since the receiver is not very lightly damped especially in the presence of fluid effects; 30 nevertheless, they are relatively similar. Therefore, a lower matched electrical load resistance is achieved at 75 kHz with larger current, whereas the opposite (larger optimal load with lower current) is the case at 79 kHz.
C. Experimental results and analytical model validation
Experiments are performed to excite the free-free receiver bar as shown in Fig. 3 for validating the analytical model and to gain a detailed understanding of the coupled system dynamics. The acoustic excitation source is a hydrophone (under reverse operation as a source) and the receiver is the free-free cylindrical piezoelectric bar operating in 33-mode of piezoelectricity and shunted to an electrical load as described previously and characterized in Fig. 4 . For the geometric alignment, distance, and frequencies used in the experiments, the experimental source device behaves as a spherical source. The strength of the source transducer under open-loop voltage excitation is calibrated with a separate hydrophone, itself calibrated using reciprocity. 38 In all cases, the source is excited by sinusoidal burst (3 cycles) at selected frequencies by means of a function generator and amplifier. Burst excitation is preferred to continuous excitation to properly track the signal and avoid excitation of the receiver by undesired reflections (although the water tank used in the experiments is sufficiently large). The electrodes of the piezoelectric receiver bar are shunted to a resistance substitution box, and the voltage output is recorded by the data acquisition system. In the following, the Fast Fourier Transform (FFT) of the burst excitation originating from the source is used in conjunction with the voltage FRF given by Eq. (7) to eventually obtain the inverse FFT of the voltage output for each resistive load.
Typical time histories of the voltage output across the electrical load connected to the receiver bar are shown in Fig. 8 in response to 3-cycle burst excitations at two different frequencies (fundamental short-and open-circuit resonance frequencies) as the two separate cases. In the experiments corresponding to this figure, the receiver is located at r ¼ 30.2 mm and an electrical load of R l ¼ 1:5 MX is applied. The distance between the source and the receiver is extracted using the delay of approximately 20.3 ls between their time signals and the estimated speed of sound, 1490.5 m/s. The two graphs in Fig. 8 show both experimental measurements and model predictions of the response histories for excitations at 75 kHz and 79 kHz, respectively. By keeping the load resistance at R l ¼ 1:5 MX, burst excitations are performed at different frequencies. The resulting rootmean-square voltage output and average power output FRFs over a broad range of excitation frequencies are shown in Fig. 9 . Clearly, for this electrical load resistance value, the maximum power output takes place around 79 kHz, in agreement with Fig. 7 . Very good agreement is observed between the model predictions and experimental measurements in Figs. 8 and 9 .
D. Effects of various system parameters
Next, resistor sweep experiments are performed for 3-cycle burst excitations at the fundamental short-and opencircuit resonance frequencies while keeping the source-toreceiver distance fixed (at r ¼ 30.2 mm). The tests are conducted for a set of load resistance values ranging from 100 kX to 9 MX, covering a broad range that is expected to include the optimal loads at 75 kHz and 79 kHz. As shown in Fig. 10(a) , very good agreement is observed between experimental data and analytical model predictions of the power output normalized with respect to source strength squared. The load resistance is then fixed to R l ¼ 1:5 MX, and the effect of source-to-receiver distance is studied as given in Fig. 10(b) . The hyperbolic dependence of the power output to distance is expected since v rms / 1=r in Eq. (7), and therefore,
2 for a fixed Q rms value. With increased source-to-receiver distance, the power output of the receiver decreases monotonically. Finally, the dependence of the average power output on the root-mean-square source strength is displayed in Fig. 10(c) , validating the previously mentioned quadratic relationship P avg / Q 2 rms with good accuracy.
IV. CONCLUSIONS
Contactless power transfer is of interest for wireless applications ranging from medical deep implants to sensors located in hazardous environments for which battery replacement or tethered charging is either undesirable or impossible. As an alternative to the well-studied inductive (near-field electromagnetic) coupling method, the use of ultrasonic acoustic waves for contactless power transfer has received growing attention due to various advantages offered by the latter approach, such as increased source-to-receiver distance, elimination of electromagnetic fields, and frequency-wise flexibility. While proof-of-concept experiments demonstrate the feasibility of this approach; from the standpoint of system-level modeling and multiphysics understanding, the field of ultrasonic acoustic energy transfer is still in its infancy as pointed out in the recent literature. In this paper, contactless ultrasonic acoustic energy transfer is investigated analytically, numerically, and experimentally for a cylindrical receiver in free-free mechanical boundary conditions excited by a spherical wave source. Specifically, a fully coupled multiphysics analytical model (that accounts for the acoustic-piezoelectric structure interaction and the fluid-loaded receiver's electrical load) is developed and successfully validated. Optimal electrical loading conditions are shown and experimentally validated to be at the fundamental short-and open-circuit resonance frequencies of the receiver bar, which are associated with larger current and larger voltage, respectively, yielding similar power outputs. Effects of various system parameters, such as the source strength and the source-to-receiver distance, are also presented and validated. Future research directions include focusing of the excitation as in high intensity focused ultrasound configurations with curved transducers, 39 or by using proper mirroring concepts, [11] [12] [13] (as well as resulting acoustic 40 and transducer 41 nonlinearities) in addition to exploring and alleviating impedance mismatch issues 28, 29 in problems that necessarily involve multiple domains. 19 
